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ABSTRACT 
The unidirectional fluxes of CI- and Na  + across the frog gastric mucosa in vitro 
were investigated with radioactive isotopes,  and related to the secretory and electri- 
cal properties of the normal, and metabolically inhibited,  mucosa. The flux of C1- 
from nutrient to secretory surface of the mucosa was observed to rise sharply with 
increasing  acid secretion,  while the corresponding flux of Na  + did not change appre- 
ciably. Lowering [NaC1] in the secretory solution caused  a proportional drop in the 
fluxes from secretory to nutrien t surface, of both 121- and Na  +. Under the same con- 
ditions,  the flux  of (21- from nutrient  to secretory surface fell  by nearly the  same 
amount as did the flux of C1- in the opposite direction,  while  the flux of Na  + from 
nutrient  to secretory surface remained essentially unchanged.  Electrical and hydro- 
dynamic causes for this observation could  be excluded.  Metabolic iahibitors, includ- 
ing cyanide, azide, DNP, and anaerobiosis depressed CI- flux in both directions dis- 
tinctly below the corresponding values observed with the normal, non-secreting mu- 
eosa. At the same time, a  decrease  in electrical  potential difference and conductance 
was  observed under  inhibition.  The  flux  of Na  +  was little  changed  by metabolic 
inhibition.  The relationship between fluxes and conductance of CI- during metabolic 
inhibition differs markedly from that observed under normal conditions,  and is con- 
sistent with the view that during metabolic inhibition most of the CI- moving across 
the mucosa does  so as a  free ion.  From the above data it is concluded  that CI- is 
normally transported across the mucosa in combination with a carder, the supply of 
which is impaired under metabolic inhibition.  According  to the behavior of the Na  + 
flux,  the passive permeability of the  mucosa appeared to be little affected by the 
metabolic  inhibition  applied,  but  seemed  to  rise  considerably  after  death  of  the 
mucosa, probably due to structural damage. 
INTRODUCTION 
In most of the  earlier theories of the mechanism of gastric acid  secretion, 
it was assumed that free chloride ions follow passively the secreted hydrogen 
ions, so as to maintain electric neutrality (2, 3). This view has been challenged 
* A preliminary communication of part of the results has been made (1). The work 
has been supported in part by the Atomic Energy Commission  and by a  grant (NSF- 
G-1391) of the National Science Foundation. 
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by Rehm (4), who pointed out that the electric potential difference across the 
mucosa  is  opposite  in  sign  to  that  required  for passive  chloride  transport. 
According to recent evidence of Hogben (5), the potential difference is, rather, 
caused by an active mechanism for the  transport of chloride ions across the 
mucosa towards the lumen.  Furthermore, various observations seem to indi- 
cate that most of the chloride passes the mucosa in a  "combined state" (5-7). 
The purpose  of the  present  experiments has  been  to  investigate  essential 
features of the mechanism for chloride transport, and its linkage with metab- 
olism. Measurements of flux, and of membrane conductance, have been made 
with  either  normal,  or  greatly reduced  concentration  of CI- in  the solution 
bathing the secretory surface of the membrane; and with either a normal mu- 
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FIG. 1.  Schematic assembly of mucosal chambers. 
cosa, or one under metabolic inhibition, such as produced by 2: 4-dinitrophenol, 
cyanide, or anoxia. 
A model of a  specific mechanism for active C1- transport in the stomach is 
outlined, consistent with the experimental results. 
Apparatus and Methods 
Assembly and Solutions.--Frogs, Rana pipiens,  were kept at room temperature be- 
fore use. After pithing the frog, the stomach was removed and opened, and the mu- 
cosal layer separated by blunt dissection  from the muscle coat. The mucosal mem- 
brane was mounted between two similar lucite chambers, previously (8)  described, 
and indicated schematically in Fig. 1. The serosal surface was bathed with a buffered, 
oxygenated, physiological  solution  (nutrient  solution),  the  composition of which  is 
given in Table I; the mucosal surface was bathed with a  similar, but unbuffered, 
solution, (secretory solution).  In some experiments a special secretory solution with a 
reduced  concentration  of NaCI was used  (low ckloride secretory, or LCS solution). 
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After a period of 15 to 20 minutes from the time of mounting, the potential differ- 
ence  across the  mucosa  reached  a  steady value, ranging  between  25  and  55  mv., 
with the serosal (nutrient)  surface positive with respect to the mucosal (secretory) 
surface.  In most  cases, after about an  hour,  the membrane  began  to secrete acid 
spontaneously. 
Electrical  Measurements.--The  potential  difference  was  measured,  using  two 
Beckman calomel electrodes in conjunction with either a pFI meter (Beckman, model 
G), or a recording, high impedance millivoltmeter (Varian, model G-10). 
Conductance  measurements  were  made  by passing a  fixed,  direct current of  75 
microamperes through the mucosal membrane, using Zn :Zn acetate agar:saline agar 
electrodes. The change in potential difference after the onset of current occurred in 
two phases; an abrupt change complete in a fraction of a second, and a smaIler change 
(in the same direction) which required a  few minutes for completion. After discon- 
TABLE I 
Physiological Solutions 
Compound  Nutrient solution  Secretory  solution (S)  Low chloride  secretory  (LCS) solution 
mu/liter  m~t/llter 
NaC1 
KC! 
CaCI2 
KH~PO, 
MgSO,.  7 HsO 
NaHC(h 
Glucose 
Mannitol 
84.6 
3.2 
1.8 
0.8 
0.8 
17.8 
5.5 
102.1 
4.3 
1.8 
0.8 
mH/tlter 
10.2 
4.3 
1.8 
0.8 
171.0 
tinuing the current, the same sequence occurred in the opposite direction. The slower 
change, which may be compared to a polarization effect, has been observed to depend 
on  the condition of the membrane, and  seems to disappear for an  inhibited mem- 
brane. 
Let the limiting potential difference (i to 2 minutes after the onset of current) be 
E, the spontaneous potential difference E0, and the current per square centimeter of 
membrane I. The "final" resistance R in ohms. cm.  ~ is given by 
E--E0 
I 
in which R, is the resistance of the solution, 1 sq. cm. in area, between the two po- 
tential electrodes (about 2 mm. apart). Conduetances, in mhos per square centimeter 
of membrane, are obtained by taking the reciprocal of R. 
Usually, except for the time required for conductance measurements, no current 
was passed  through  the  membrane  (open-circuit condition).  For special purposes, 
however, the current electrodes were used  to reduce the potential difference across 
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pose of this procedure is merely to eliminate the potential difference between the two 
surfaces of the membrane. 
Measurement of Acid Production.--Acid secretion was foUowed by the use of a 
glass  electrode  to measure the pH of the secretory solution.  Correction for the H + 
activity coefficient was made experimentally by placing known amounts of HC1 in 
the proper volume of the appropriately gassed secretory solution, and measuring the 
resultant pH. As a check, aliquots of the secretory solution were taken at the end of 
major parts of the experiment, and titmted electrometrically to pH 7. Values of the 
H +  concentration  obtained by these  two methods usually agreed within  =t=10 per 
cent. 
Fluxes.--The  unidirectional  movement (flux)  of chloride  ion  across  the mucosa 
was measured by replacing part of the chloride in one solution by C13~, obtained from 
the Atomic Energy Commission at Oak Ridge. At regular intervals thereafter samples 
were withdrawn from the opposite solution for counting. 
In many of the experiments, the flux of sodium ion in the same direction, at the 
same time, was measured using Na  u, obtained from the Atomic Energy Commission 
at Brookhaven. Samples containing Na  u were counted in liquid form in a well-type 
scintillation counter, using an absorber to stop beta radiation from C136. After allow- 
ing a week for the decay of Na  u, samples were counted for C1  ~6 in a flow-type propor- 
tional counter, using the method of Hunter and Commedord (9). The samples were 
made alkaline before drying, to prevent evaporation of HCP  6. 
Metabolic Inhibition.--Several different methods for achieving metabolic inhibition 
were used in the present study, of which two require special  comment. (a) Anaero- 
biosis  (anoxia).  Instead of the usual procedure of oxygenating and stirring the nu- 
trient and secretory solutions  by 95 per cent O2 +  5 per cent CO2, and 100 per cent 
O2 respectively, the solutions were stirred with argon +  5 per cent CO2, and nitrogen. 
The chambers were closed, except for a small gas outlet, to avoid contamination  by 
atmospheric oxygen. (b)  Cyanide. Because of the basic reaction of NaCN, the bi- 
carbonate concentration in the appropriate nutrient solution was reduced to give the 
normal pH of 7.3. The cyanide solution was prepared the day of the experiment; 
and to reduce loss of gaseous  cyanide from the chamber, the stirring gas was first 
bubbled through a large volume of the same solution. 
RESULTS 
Effects of Lowering Chloride for Normal Mucosa.--In these experiments the 
solution which normally bathed the  secretory surface of the mucosa was re- 
placed by the low-chloride secretory solution (Table I). The effect of this change 
on the flux of chloride from nutrient to secretory surface,  c~-  cI,,,, is  illustrated 
in  the plot of a  typical experiment  (Fig.  2).  A  pronounced drop in chloride 
flux is observed, which  is reversed upon  restoring the  original solution. 
It was found  that  the  magnitude  of  c~-  q,,,  increases with  the  rate  of  acid 
production (10). Hence, in order to compare the fluxes at corresponding secre- 
tion rates, ~bc,~ is plotted against the acid secretion rate in Fig. 3 A. Lines have 
been drawn,  using  the method of least squares,  to indicate  the trend  of the 
two sets of data. From the figure, it may be seen  that ~o~ at  any particular 
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Usually the lowering of [CI-], was accompanied by an increase of 10 to 20 
Inv.  in  the  potential  difference measured  across  the  mucosa.  But  in  every 
case  in which  the  low chloride solution was  used,  including  experiments in 
which the change in potential difference was absent, or suppressed by the use 
of an external electromotive force, the  sharp  drop in ¢cl,- was  observed. 
~Na +  Figs.  2  and 3 B  show the contrasting behavior  of  the  sodium  flux, ~,.  , 
Ol-  measured simultaneously with ~,.  Two points are evident:  first,  the  Na  + 
flux does not change  in any regular fashion with  increasing  acid  secretion; 
second, the Na  + flux in the nutrient to secretory direction does not depend on 
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FIG. 2. Effect of chloride concentration in the secretory solution  (trans-concentra- 
tion) on chloride  flux from nutrient to secretory solutions.  S  denotes the normal 
secretory solution, LCS, low chloride secretory solution, p.d., continuously recorded, 
electric potential difference in millivolts. Flux measurements  are made over half-hour 
intervals, and the resulting levels are connected by the interrupted lines. 
the concentration of Na  + in the secretory solution. It may be noted from Fig. 
2 that the increase in potential difference which accompanied the lowering of 
[NaCl],  left the  Na  +  flux unchanged.  Evidently,  the  electrical effects of a 
lowered [NaCl], cause changes in the Na  + flux of the same order of magnitude 
(10 to 30 per cent) as those due to spontaneous fluctuation or to errors in meas- 
urement. 
In other experiments the effect of lowering the secretory NaC1 concentration 
on the fluxes of Na  + and C1- in the opposite direction, from the secretory to 
the nutrient surface, was measured. Fig. 4 shows that both the Na  + and C1- 
fluxes in this direction were directly proportional to the secretory NaC1 concen- 
tration,  between  25  and  120  m_~/liter.  Short-circuiting  the  mucosa had  no 
significant effect on the results. 
Effects of Metabolic Inhibition.  Fluxes,--To investigate the relationship be- 106  CHLORIDE  TRANSPORT  IN  FROG  GASTRIC  MUCOSA 
tween CI- transport and the metabolism of the mucosa, the effects of several 
metabolic inhibitors on the unidirectional fluxes of Na  + and C1- were studied. 
In  accordance with  Davies'  work  (2),  it  was  found  that  2:4-dinitrophenol 
(DNP)  in the nutrient solution at a  concentration of 10  ~  molar is a  potent 
inhibitor of acid production and of the generation of a potential difference by 
the mucosa. The effect of the addition of DNP  on the flux of C1- in either 
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FIG. 3.  Compilation  from 15 experiments  of the effect of reduced secretory NaCI 
concentration, [NaC1],, on the N to S fluxes of chloride (part A) and sodium (part B). 
direction may be seen in Table II. The flux in either direction is markedly 
depressed by DNP. This depression is greater than could be accounted for by 
the inhibition of acid secretion, as can be seen from Fig. 3 for the appropriate 
rate of acid secretion. In support of the finding are the measurements on resting 
mucosa in Table II.  In this case also,  the effect of DNP  is to depress  both 
fluxes. 
If the above action of DNP is due to the blocking of an essential metabolic 
pathway,  other  means  of  metabolic  inhibition  should  give  similar  results. 
Table III shows the chloride and sodium fluxes from the nutrient to the secre- 
tory solution before and after inhibition by cyanide, azide, and anoxia, as well 
as by DNP.  All these inhibitors,  and anoxia, uniformly depress the chloride 
flux but do not change the corresponding sodium flux appreciably. ERICH HEINZ  AND  RICHARD  P. DURBIN  107 
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Fig. 4.  Effect of chloride  concentration  in  secretory solution  (cis-concentration) 
on chloride flux from secretory to nutrient solution. 
TABLE II 
E~ecS  of Metabolic  Inhibition  by  DNP on  Cldoride  Fluxes 
Nutrient to 
secretory 
Secretory to 
nutrient 
Normal (control)  DNP (IO-L  x/liter) 
Flux  Secretion rate  Flux  Secretion rate 
O~el.l  cr~.lhr.  )  Oieq,/cm.tkr.)  Ole¢.l  csl.l~. ) 
5.9 
6.1 
2.4 
5.1 
3.7 
4.9 
2.7 
3.3 
3.2 
2.6 
0.39  1.3 
0  1.6 
0  1.7 
0  2.7 
0  2.7 
0.87  2.1 
1.3  1.9 
0.24  1.7 
0  2.6 
0  1.3 
Ol~l./  cm.~hr.  ) 
0 
0 
0 
0 
0 
Fig. 5 illustrates  the effect of prior treatment with DNP on the reduction of 
• ~  by  lowering  [CI-],.  Under  metabolic  inhibition,  the  effect  of  lowered 
[C1-], decreases progressively with time. It disappears completely after death, t 
Conductances.--Hogben  has  found  (5,  6)  that  the  theoretical  relationship ~ 
1 Unpublished observation. 
2The partial conductance, k, of an ion moving between two solutions in  the  ab- 
zF2 
sence of an electrochemical gradient is given by k  = ~-~ •  in which •  is the flux of 
the ion, z its charge, and F, R, and T have the usual chemical meaning. 108  CHLORIDE  TRANSPORT  IN  FROG  GASTRIC  MUCOSA 
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TABLE III 
Effect  of Various  Inhibitors on the Nutrient to Secretory Fluxes in the Short-Circuited  Mucosa 
Chloride flux, N "-~ S 
(#eq./  cra.2  hr.  ) 
Normal, resting mucosa  Mucosa under metabolic inhibition* 
9.1 
8.1 
4.8 
4.9 
4.0 
1.7  (DNP) 
2.7  (DNP) 
2.2  (azide) 
2.3  (anoxia) 
2.2  (cyanide) 
Mean ......................  6.2  2.2 
S.D ........................  4-2.2  4-0.36 
1.10 
0.75 
0.54 
0.96 
Sodium flux, N ~  S 
(l~eq./cm.thr.) 
0.81 (DNP) 
1.23 (DNP) 
1.02 (azide) 
0.99  (anoxia) 
0.96 (cyanide) 
Mean ......................  0.84  i .00 
S.D ........................  4-0.25  -4-0.15 
* Type of metabolic  inhibition is shown in parentheses.  Standard deviation is  denoted 
by S.D. 
between the  fluxes and partial conductance of  a  free  ion (II,  12)  does not 
apply to  the  case of chloride movement in the gastric mucosa. That is,  the 
measured total conductance of the membrane was found to be only about a 
third of the conductance calculated for the chloride ion alone. The contribu- ERICH HEINZ AND  RICHARD  P. DURB.IN  109 
tions to the conductance due to the fluxes of other ions, such as Na  +, increase 
the disagreement between measured and calculated conductances. The present 
experiments confirm this observation, as may be seen from the data for normal 
mucosae presented in Fig. 6. For a short-circuited muc0sa, the calculated par- 
tial conductance in millimhos/cm2 is numerically almost equal  to  the flux, 
in microequivalents/cm3.hr., so that either quantity may be read from the 
ordinate in Fig. 6. 
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FIG. 6.  Effects of metabolic inhibition and irreversible damage (death)  on meas- 
ured and calculated conductances of the mucosa. The average effect of several types 
of inhibition  (including DNP, anoxia, azide, and cyanide) is shown. 
The disagreement between calculated and measured conductances is strik- 
ingly lessened by any form of metabolic inhibition, as shown in Fig. 6. Under 
inhibition, the measured conductance falls, corresponding to a rise in resistance. 
Because of the drastic reduction of C1- flux (Table III) the calculated partial 
conductance for CI- is lowered enough to reduce distinctly the discrepancy 
between calculated and measured conductances. On the other hand no consist- 
ent effect on sodium ion flux, or conductance, was observed upon inhibition. 
The results tabulated for irreversible damage (death) in Fig. 6 were obtained, 
using membrances stored at room temperature under conditions of anoxia:for 
approximately 18 hours (early) or 30 hours (advanced). In both cases, the agree- 
ment between measured total conductance, and the sum of the calculated par- 
tial conductances for the major ions, Na  + and Cl-, is excellent. In the case Of 
"advanced irreversible damage," a gross deterioration in the physical structure 
of the mucosal membrane is apparent from the fluxes. 110  C~LORIDE  TRANSPORT  IN I~ROG GASTRIC MUCOSA 
~eory 
In  the kinetic treatment of transport processes across membranes it  has 
become customary to distinguish between two unidirectional fluxes, which can 
be separated from each other with the help of isotopic labelling. If movement 
is by free diffusion only, to which Fick's law applies, the two opposing fluxes 
must be independent of each other, and each flux is a function of the membrane 
permeability and  an  appropriate  driving  force.  Such  a  function  cannot be 
evaluated at present for a membrane as complex as the gastric mucosa. It can, 
however, be safely assumed that the flux of a  freely diffusing solute depends 
but slightly on the concentration of the solute in the solution towards which 
the  flux  is  directed  (trans-concentration),  provided  the appropriate  driving 
force and membrane permeability remain constant. This statement is no longer 
---XA]~ 
[A],  ~ [Ax] 
FIG. 7.  Idealized system for carrier  transport. [A]I, [A]~ denote concentrations  of 
transported solute .4 in Solutions 1, 2 respectively. The solid lines denoted by [AX] 
and [X] represent the concentration  gradients of carrier complex and carrier, respec- 
tively, within the membrane.  If A is labelled in either solution, the resulting  gra- 
dients for labelled AX are shown by the dotted lines. 
valid ff the penetrating Solute interacts with a  mobile membrane constituent 
(carrier)  to form a  complex. A simplified model will be used to visualize the 
characteristic features of such a transport. 
For this purpose, an idealized system is assumed, consisting of two solutions 
(1 and 2) separated by a homogeneous phase, which may represent the critical 
phase of any transporting membrane (Fig. 7). The solutions are presumed to 
contain a special solute A which can penetrate the membrane only in combina- 
tion with a  mobile constituent, X,  of the membrane.  Obviously, for such a 
system, the flux equation (13,  14)  does not hold; i.e.  the ratio of the fluxes 
A  A  ¢'~d'I'~,  --  ~1/~  (1) 
(~)  of the solute from either solution need not be equal  to  the ratio of the 
electrochemical activities (~,)  in the corresponding solutions. 
An appropriate extension of the derivation of the flux equation, however, 
leads us to the conclusion that, in such a carrier system, the above flux ratio ERICH  HEINZ  AND  RICHARD  P.  DURBIN  111 
must be  equal  to  the ratio of the  electrochemical activities of the complex 
(~ax) at the corresponding interfaces between membrane and solution. 
•  ~I¢~  =  ~la~x~  (2) 
In order to derive, on this basis, the relationship between a single flux of A 
and the activities of the solute in both solutions 1 and 2, the simplifying assump- 
tions which follow, have been made. (i) Formation and dissociation of the car- 
rier complex Occur instantaneously, according to the mass action law, at and 
only at the two interfaces. (ii) Neither the carrier nor the carrier complex can 
leave the membrane phase.  (iii)  The effect of electric potential difference on 
the movements of carrier and carrier complex is negligible, as is the case for a 
short-circuited membrane.  (iv) Hydrodynamic effects are negligible. (v)  Both 
solutions are well stirred and homogeneous in composition. (vl) The chemical 
activities of all components can be replaced by the corresponding concentra- 
tions. 
In the steady state, since the membrane phase is considered to be homogene- 
ous,  the concentration gradients of complex and  carrier approach  linearity. 
Assumption (i)  implies that in the case of isotopic labelling of the solute A 
in either solution the specific activity of the complex is virtually zero at the 
interface in contact with the unlabelled solution. The concentration gradients 
for the labelled complex under these  conditions, are  indicated in  Fig.  7 by 
broken lines. 
Let K  be the affinity constant between A  and X, using subscripts  1 and 2 
to  denote  the appropriate  interface.  We may write 
K~.[Xh. [Ah =  [AXh  (3) 
Kv [Xh. [Ah =  [AXh  (4) 
The affinity constants, K1 and K~, should be equal in passive transport, but may 
be different in the case of active transport, as is discussed below. 
Within the membrane, at steady state, the flux Of X (either free or combined) 
from 1 to 2 equals the  flux of X  from 2 to 1. Accordingly, denoting by ~i~ 
the flux of A from i  to 2, and by k,x and kx the permeability coefficients within 
the membrane Of AX  and X  respectively, we may write: 
• ~  --- hAx [AXh  (5) 
k~x[AXh  =  k,4x[AXh +  kx{[xh  -  [xhl  (6) 
It  is  convenient  to  define [X]0, the average concentration of  carrier  (free 
and combined) over the membrane phase. 
[X]0 =  ½{[AX],  +  fAX], +  [Xh +  [XI,}  (7) 
By combining Equations 3  through 7,  we can eliminate [X]I,  [X]2, fAX]z, 
and [AX]~, and obtain: 
d~lX  2 =  2kaxKI[AII[X]o(kAxKs[A]2  +  kx)  (8) 
2kxxK1Ku[Ah[A]2  +  (kxx +  kx)(KI[A]I +  K2[A]~) +  2kx 112  CHLORIDE  TRANSPORT  IN  FROG  GASTRIC  MUCOSA 
Hence the unidirectional flux of A  from side  1 to side 2 is a  function of the 
cis-concentration  [A]I,  the trans-concentration  [A ]~, and the mean carrier con- 
centration  [X]0, as well as the appropriate affinities and rate coefficients. Be- 
cause of the large number of unknowns, the predicted flux from Equation 8 
cannot be easily compared to experiment. We may, however, consider sepa- 
rately the dependence of ~1~ on the trans-concentration.  The form of this rela- 
tionship depends on the relative magnitudes of the rate  coefficients, kx and 
k,x. It is convenient to assume three widely separate possibilities for the rate 
coefficients; (1)  kx much greater than kAx, (2) kx much less than k~, (3) kx 
equal to kAx. The resulting conclusions may then be compared to the experi- 
mental observations. 
(1)  kx --  k~. In this case, Equation 8 reduces to the familiar Michaelis- 
Menten relationship: 
~1~ -~  kx[XloKl[Ah  (9 a) 
1 +  KI[Ah 
The flux is here independent of [A ]3 (the trans-concentration).  It may be con- 
cluded  that  if the  two  rate  coefficients are  of  similar magnitude,  the  uni- 
directional flux does not depend appreciably on the trans-concentration. 
(2)  kx << kax.  Again Equation 8 is considerably simplified, since all terms 
with kx as a factor may be neglected in comparison with terms containing kax. 
Cbl~ =  2kaxK1Kg[A]l[Ah[X]o 
2KIK~[A]t[Ah + KI[Ah +  K2[A]~  (9 b) 
If [Ah is kept constant experimentally, Equation 9 b takes the general form: 
• ~  =  [x]0  ~[A]_______~2 
3 +  7[A]2 
The flux depends strongly on the trans-concentration,  and increases with in- 
creasing [A],,  towards a  maximum value [X]0(a/~/). 
(3)  kx >> kax. Neglecting terms containing kxx as a  factor in comparison 
with terms containing the factor kx in Equation 8,  we obtain: 
~x  2kAxKI[All[X]o 
2 +  Kl[Ah +  K2[A]~  (9 c) 
At constant [A ]1, this equation predicts a decrease in flux with increasing trans- 
concentration, [A]2. 
The results previously cited show a  considerable reduction of the chloride 
flux from the nutrient to the secretory surface, if the trans-concentration  of 
chloride is appreciably lowered. To  the extent that the model  (Fig.  7)  and 
Equation  8  represent  the transport  of chloride through the gastric mucosa, 
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and kax. Of the three special cases listed above, only Equation 9 b is consistent 
with the observed decrease in ~,~I,- upon lowering [C1-],. This would suggest 
that the mobility of the carrier-chloride complex is distinctly greater than the 
mobility of the free carrier.  Under these circumstances,  the back diffusion of 
free X becomes rate-limiting for the net transport of C1-. It has already been 
found by Hogben that the nutrient to secretory flux of C1- across the mucosa 
is considerably  greater than the net transport of Cl-, and also greater than 
would be expected  from the mucosal  conductance.  Both observations  are in 
good agreement with the conclusions drawn from the model. 
CI-  + 
<, 
No+ 
MEMBRANE  I 
.,--*  xcl  ,J 
X*<  ....................................... >  X*[  +  CI- 
Na 
METABOLIC ENERGY  SUPPLY 
FIG. 8. A simplified  model of the chloride transport system in the gastric mucosa. 
X denotes the active form, Y the inactive form of the carrier. 
It should be kept in mind that Equation 9 b represents  an extreme case in 
which, for simplicity, the difference between kx and kax is greatly exaggerated. 
This equation has been  useful  to clarify the basic  relationship between the 
fluxes and the hypothesized rate coefficients. However, essential features occur- 
ring in the mucosa and assumed for the model,  such as the net transport of 
CI-, are omitted in Equation 9 b. Equation 8,  on the other hand, holds for 
active transport as well as exchange diffusion. To make this point clear,  we 
consider an explicit mechanism for active transport in Fig. 8. Assume the ac- 
tive form of the carrier,  X, is inactivated on one side, say 2, by an exergonic 
reaction changing X to Y, where Y has very little affinity for CI-. The chem- 
ical energy liberated by this reaction, partly expended in work of concentration, 
has to be supplied by metabolism in order to reform active carrier X for avail- 
ability at side 1. 
In Equation 8, different affinities, K1 and K~, between A and X are assumed 
at sides I and 2. The lowered affinity  of X and A at side 2 is formally  equivalent 
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Under  these  conditions,  Equation  8  applies  to  the  active  transport  system 
depicted in Fig. 8. The rate coeffÉcient kx, in this case, primarily refers to the 
mobility of the inactive form of carrier Y,  rather than the active form X. A 
calculation based on this model shows that the net transport of A  from side 
1 to 2  is proportional to the factor (K1 -- K2)  in the special case in which 
[a]l--  [A],. 
Some of the simplifying assumptions  made in setting up the above model 
for  Cl-  transport may now be  examined.  For example,  the  gastric  mucosa 
differs from the model in having an appreciable electrical potential difference 
which may affect the movement of an electrically changed carrier or complex. 
A simple mathematical treatment in this case is not possible. The effect of the 
gastric  potential  difference can,  however,  be  minimized  by  short-circuiting 
the mucosa.  Since it was found that  the effect of lowered [C1-],  on the C1- 
fluxes is essentially the same with and without short-circuiting, the presence 
of gastric potential difference does not preclude the application of the above 
equations.  In addition,  the assumption  that  the transported solute A  pene- 
trates  the  membrane  exclusively in  combination  with  the  carrier X  is  not 
completely true for the gastric mucosa. There is evidence that the mucosa is 
to some extent permeable to free C1- ions. This permeability, however, must 
be small compared to the total C1- transport across the mucosa, as follows from 
conductance and  flux measurements  with  and  without  complete inhibition. 
It is concluded that the results of the theory, though derived under simplifying 
assumptions,  do at  least approximately apply  to  the gastric mucosa. 
DISCUSSION 
Effect  of Low Secretory  NaCl  Concentration  on Fluxes.- 
The experiments show that the C1- flux from nutrient to secretory solution 
C1-  (~,,)  drops considerably if the secretory NaC1  concentration  (trans-concen- 
tration)  is  lowered. According  to  the  above  theoretical  considerations,  this 
phenomenon excludes free diffusion as  the  main  contribution to  C1-  trans- 
port, provided the appropriate driving force and membrane permeability re- 
main essentially constant. Although the gastric potential difference frequently 
rose upon  lowering [NaC1],,  this  effect is  far  too  small  to  account for the 
drastic reduction in  ci-  ~),..  Moreover, this reduction occurs under experimental 
conditions  in  which  osmotic  and  electrical  potential  gradients  are  absent. 
Hence, electrostatic or hydrodynamic forces do not account for the flux reduc- 
tion. Nor does a change in permeability of the membrane seem to account for 
the effect. It is difficult to conceive that a permeability change of the observed 
extent should be confined to a  single ion species. The finding  that ¢I)~,  "+ was 
essentially independent of [NaC1],,  is  therefore evidence against  such a  per- 
meability change. 
It is concluded that the reduction of 4~cl.  -  upon lowering [NaC1], cannot be 
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the flux is consistent with the hypothesis that C1- penetrates the critical phase 
of the mucosa in combination with a mobile constituent of this phase, or carrier. 
The sizable  extent of the flux change is consistent with Equations 8 and 9 b. 
These equations are based on the assumption that the rate of movement of 
carrier  complex across the critical phase  (with permeability coefficient  k~z) 
is rapid compared to the rate at which active carrier is made available at the 
nutrient  interface  (proportional to kx).  With this additional assumption,  the 
model accounts  satisfactorily for the non-conducting  component of the  C1- 
movement found experimentally. In this model, C1- fluxes depend on the rate 
at which carrier complex may diffuse back and forth between the two interfaces, 
where the complex is assumed to exchange C1- instantaneously with the adja- 
cent solutions.  On the other hand,  the conduction of current requires the net 
transport  of  charge  in  the  appropriate  direction.  For  the  assumed  carrier 
mechanism, the movement of each CI- entails the transport of an equivalent 
of carrier in the opposite direction.  Consequently the current contributed by 
this mechanism is limited by the rate of supply of carrier, which is, as assumed 
above,  slow  compared  to  the  rate  of  exchange  diffusion. 
Although a major fraction of the chloride flux in either direction presumably 
is in the combined state, the experiments do not indicate any saturation of the 
carrier within the C1- concentrations studied. 
Coupling of Chlor~le Transport to Metabolism.-- 
As pointed out in the theoretical section,  no distinction between active and 
passive transport can be based solely on the dependence of a flux on the trans- 
concentration,  An essential feature of any active transport process is its re- 
quirement of metabolic energy. Experimental demonstration of a direct linkage 
with metabolism, therefore, would provide strong evidence in support of the 
active nature of the transport. 
Anaerobiosis and various metabolic inhibitors, e.g. 2: 4-dinitrophenol, azide, 
cyanide have been shown by Davies (2)  to depress both secretion and elec- 
trical potential difference of the gastric mucosa. In anaerobiosis the electrical 
conductivity of the mucosa drops considerably (2, 15). This was also found in 
the present studies during  inhibition  with DNP, azide,  and  cyanide. These 
experiments  show also that  DNP,  cyanide,  azide,  and  anaerobiosis  depress 
the short-circuit current and reduce chloride fluxes distinctly below the resting 
level. 
While the present findings  are consistent with the assumption of a  direct 
linkage  between C1- transport and metabolism, alternate possibilities  should 
also be examined. The assumption that the C1- transport across the mucosa is 
passive would imply that the inhibition affects the C1- fluxes by changing either 
the electrochemical (and hydrodynamic) potential gradient or the permeability 
of the mucoza, or both. Any change in the electrochemica  ! (or hydrodynamic) 
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directions. Actually both  fluxes were found to be depressed in  metabolic in- 
hibition. The other possibility is that metabolic inhibition decreases the  per- 
meability of the mucosa in general; e.g., by altering the submicroscopic struc- 
ture of the membrane. As pointed out above, a general permeability change is 
likely to affect other penetrating solutes. However, the magnitude of the Na  + 
flux is little affected by metabolic inhibition which is evidence against a general 
permeability change. 
For further evidence on this point, the effect of metabolic inhibition on other 
manifestations of the carrier mechanism may be examined. It is  implicit in 
the equations derived from the model that the flux change associated with a 
given change of the trans-concentration, grows smaller with a decreased amount 
of active carrier present.  Experimentally, it  has  been found that metabolic 
inhibition reduces the effect of lowered [NaC1], on  ~,  . This effect disappears 
completely after death of the mucosa3 Therefore, to the extent that the model 
applies to the real mucosa, it may be concluded that the effect of inhibition is to 
reduce the amount of active carrier, rather than the permeability of the mem- 
brane. The fact that the C1- flux is not completely independent of the trans- 
concentration is taken to indicate that the inhibition is not complete. 
Another characteristic of carrier transport lies in the discrepancy between 
the measured conductance of the mucosa and the sum of the partial conduc- 
tances calculated from the fluxes, under the assumption of free diffusion. With 
metabolic inhibition, this discrepancy tends to disappear (Fig. 6), as would be 
expected if the amount of active carrier is reduced. In a  dead mucosa,  any 
transport by a metabolically controlled carrier must be absent. Actually, com- 
plete agreement between calculated and measured conductances was obtained 
with the dead mucosa, as shown in Fig. 6. 
A  decrease in electrical conductance seems to be generally associated with 
metabolic inhibition. It may be attributed to a  decreased contribution of the 
carrier system to the conductance, resulting from a  lowered concentration of 
active carrier in the mucosa. 
In the model (Fig. 8), it has been supposed that metabolic energy is utilized 
in  the re-formation  of active carrier.  Theoretically, other possibilities  exist; 
for instance, energy may be required for the breaking down of the carrier. In 
this case, metabolic inhibition would cause an accumulation of complex, result- 
ing in an  increase of exchange diffusion. However, a  decrease of C1- fluxes 
was  found  experimentally,  which  seems  more  consistent  with  the  original 
assumption. 
The Na  + fluxes did not unequivocally exhibit any of the phenomena taken 
as characteristic of a  carrier mechanism.  Active transport,  although not ex- 
cluded entirely by the available data, seems to account for hardly more than 
a  small fraction of the total Na  + flux across the mucosa. 
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